Introduction
We have built a one-degree-of-freedom robot capable of juggling two pucks falling freely on a frictionless plane inclined into the earth's gravitational field. The robot responds sensibly to distinct circumstances. When in the middle of juggling two pucks, if suddenly one puck is fixed and held in place, the robot will continue to juggle the other. When the first puck is again released, the robot will adjust its hits to restore symmetry between the two pucks' motions. The juggling algorithm works on [Koditschek 1986 [Koditschek , 1987 Koditschek and Rimon 1990] ) is the desirability of translating abstract user-defined goals into phase space 1. There is no relationship with the geometric programming technique for solving algebraic nonlinear programming problems. geometry for purposes of task encoding and control. A number of advantages arise from the absence of logic implemented in some more or less formal syntax. First, physical robots and the environments within which they must operate are dynamic systems. Their coupling via functional relationships-in this case, the mirror algorithm-admits some possibility of correctness proofs (as evidenced below), while the recourse to syntactic prescriptions all but eliminates that hope (for example, see the related discussion by Andersson [1989] Our work is principally inspired by Raibert's success in tapping the natural dynamics of the environment to achieve a task. We have previously shown via an analysis similar to that reviewed in this article (Koditschek and Buehler 1991) that a greatly simplified version of Raibert's hopping algorithm (Raibert 1986 (1989, 1990) .
A puck trajectory with puck-robot collisions is depicted in Figure 2 (Buehler et al. 1988) we have reported our failure to achieve experimental success with any implementation of a locally stabilizing feedback strategy (4) based on discrete impact state measurements for these reasons.
The Mirror Algorithm
We now introduce the mirror algorithm, which remedies the shortcomings of the algorithm described in the previous paragraph. In Section 2.4.1 we provide an intuitive motivation for the mirror law and review our analytical results concerning this algorithm. Next, Section 2.4.2 attests to the empirical relevance of our findings.
Intuitive Motivation and Formal Results
Intuitively, two different ideas are combined to produce an algorithm that is implemented by recourse to standard trajectory tracking techniques. First, we &dquo;reflect&dquo; the continuous puck trajectory in 2u(t) into a &dquo;distorted mirror image&dquo; reference trajectory p for the robot that is &dquo;favorable&dquo; to the task at hand. In the specific case of our planar juggler, as depicted in Figure 1 using the onedegree-of-freedom juggler restricted to the vertical line.
As a consequence of choosing a smooth function for our control law (5), a stability analysis of the resulting four-dimensional nonlinear closed-loop system is possible. It turns out (Buehler et leased without causing the system to fail. When the first puck is halted, the second one continues its motion; as soon as the first one is released again, the two-juggle continues. All this is accomplished by no other means than the relatively simple, smooth algorithm, ( 13) There is every reason to believe that further informal extension of these ideas to richer and more complex tasks will succeed in practice. More than likely, such extensions will help guide the process of theoretical explanation. We are confident that at some point a formal rendering of these techniques will surpass the limits of intuition and yield general synthesis methods for dynamically dexterous tasks whose complexity defies heuristic approaches.
